ABSTRACT: Studies have shown that convective air flow can significantly reduce the thermal resistance of frame walls insulated with mineral fibre insulation (MFI). It has also been shown that convective air flow can be avoided if the MFI products are installed with at least one face against an air impermeable material. The evolution of MFI products has seen the introduction of products with smaller fibre diameters and lighter densities, and there is a dominance of the frame wall insulation market by friction fit products. The effect of these changes on the installed (field) performance of MFI products is unknown, as is the effect of "minor" installation defects on the performance of frame wall insulation systems. This article examines, through a program of full scale laboratory measurements, the effect of corner installation defects and product density on the thermal resistance of frame walls insulated with MFI products.
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In the 1970s, &dquo;friction-fit&dquo; MFI products became widely available in the marketplace. These products filled the whole cavity space and contained no protective covering. They were slightly oversized in all dimensions so that they would be held in place by the friction between the product and the cavity surfaces. Further improvements in manufacturing technology over the last two decades have led to significant reductions in the diameter of the glass fibres. Glass fibre batts and blankets have been manufactured at densities as low as [8] [9] kg/m3, a value which is about half that from the late 1960s. These products retain almost the same nominal thermal resistance when measured under laboratory conditions, but often have lower stiffness than the older products.
But does material thermal resistance measured under standard laboratory conditions adequately represent field performance of the material installed in a wall? Field performance measured for some insulation systems has confirmed laboratory values [1] . Others have not. One documented case of disagreement occurred in the early 1980s when a significant reduction of thermal resistance was measured in a full-scale study of preformed, loose-fill glass fibre insulation on an attic floor [2] . This reduction, which was caused by convective air flow cells, was not predicted by the material testing. The situation was exacerbated by the loose-fill product being applied in the field at much lower density than that used in laboratory evaluation of the material. Similar results on loose-fill attic insulation were reported in Reference [3] .
In response to these findings, the manufacturer modified the MFI product to make it less prone to convective effects, and the Canadian standard for MFI [4] was amended to require a minimum thermal resistivity for loose-fill insulations. The latter response was based on the following reasoning.
. Thermal resistivity is determined by the structure of the material. · The structure of the material controls the permeability of the material. · The permeability of the material limits air flow through the material. The results (Table 1) showed large reductions of thermal resistance when both sides of the insulation were exposed to the air spaces. Conversely, only a minor reduction occurred when a convection barrier was installed on both sides or one side with the other side exposed to air. Swedish studies [9, 10] reported similar effects. Reduction of thermal resistance occurred with air spaces on both sides of the insulation but good agreement between measured and calculated thermal resistance was observed when stud cavities were completely filled.
These Canadian and Swedish studies show that the reduction of thermal resistance that follows faulty installation technique depends primarily on the existence of air spaces on both sides of the insulation. Subsequent research [11, 12] The issue of convective air movement and its effect on the thermal resistance of frame walls with MFI appears often in the literature, mainly as experimental studies highlighting the need for controlling convective air flow in the cavity [14, 15] or improvements in computational models [5, 16, 17] . One work [18] provided an experimental demonstration of the &dquo;threshold gap&dquo; necessary to connect two air spaces existing on both sides of the insulation. The studied example included foil faced 50 mm thick insulation placed between two 15 mm thick air spaces. A variable gap was provided at the ends of the cavity to connect these two spaces. In the horizontal orientation gaps 4-5 mm wide were necessary to mitiate convective air flow. However, in the vertical orientation gaps less than 1 mm wide were found to be sufficient to initiate convective air flow. 
Calculations Based on ASHRAE Models
Two simplified ASHRAE heat transfer models, generally referred to as the &dquo;parallel&dquo; and &dquo;series-parallel&dquo; models, are used to predict the thermal resistance of wood frame walls [19] . The first model assumes only parallel flow, i.e., the shortest heat flow path without any contribution from the lateral heat flow. The overall thermal resistance is obtained from the area weighted average of parallel path conductance values. The second model assumes another extreme case, namely, a perfect equalization of temperature at each material layer interface; the overall thermal resistance is the sum of the thermal resistances of each layer.
These models represent two limiting cases of multidirectional heat transfer ; the actual thermal resistance of an assembly must fall between them. The higher the ratio between the longest and the shortest heat flow paths across the assembly, the closer the actual thermal resistance comes to the seriesparallel model. For instance a good approximation for the thermal resistance of multi-slotted ceramic or concrete hollow blocks can be obtained by using 2/3 of the R-value from the series-parallel model and 1/3 of the R-value from the parallel model. A 50/50 mixing rule has been shown to produce better than 5 % agreement between measured and calculated values for insulated wood frame walls [20] . [7] . Anecdotal information, including non-systematic site surveys, had indicated that MFI products were being installed in frame walls with such defects. Three levels of defects were examined in the study, namely, 0%, 3%, and 6% of the cross section area of the MFI product. 4 Figure 4 shows the locations of 30 gauge Type T thermocouples used to measure specimen surface temperatures and Figure 5 shows the locations of 36 gauge Type T thermocouples used to measure temperatures within the test specimen. These thermocouples were located in the two center stud cavities and at the three levels shown in Figure 4 . Thermocouples mounted to the wood studs were soldered to 5 mm X 10 mm copper shims to average local temperature variations. All thermocouples are calibrated to ensure precision of ::I:: 0.1 °c.
One differential pressure transducer measured the pressure difference between the warm and cold surfaces of the insulation at the mid-height of a 329 FIGURE 5. Location of thermocouples m the cross section of the test specimen stud cavity. A second transducer measured the differential pressure between the top and bottom of a cavity along a stud on the cold side. The temperatures measured in the October and March tests indicated that, while the temperature gradient through the studs remained the same for both tests, the temperature gradient through the msulation changed measurably. The conclusion is that the thermal performance of the insulation was different for the two test specimens, but it could not be established whether the change was a consequence of handling the batts during removal and placement in the test specimen or whether it should be attributed to other effects. Given that the second test result agrees well with that of Product 2', the second results will be used as the baseline for Product 2.
Measured Thermal Resistance of the Test Specimens
The repeatability of test specimen defect construction was also checked. Table 6 lists thermal resistance measured in a repeated test of Product 2 with 3% defects. The rebuilt specimen was constructed with all batts mstalled in the same locations in the test specimen. The results show excellent agreement between thermal resistance measured for a specimen bmlt in November 1992 and rebuilt in January 1993 and indicate that the defects can be constructed with the same precision as the rest of the specimen.
The results presented m Table 5 mdicate that the uncertainty attainable on &dquo;ideal&dquo; specimens is 2-3%. However, combined with the results in Table 6 , Table 6 . Thermal resistance measured for test specimens with Product 2 with 3% defects built in Table 7 . Thermal resistance measured and calculated for 0% defect test specimens.
they also provided an estimate of the repeatability of test specimen construction, the second component of the measurement precision. It is evident that the effect of installation defects on the thermal resistance of wood frame walls can be measured with an uncertamty of 3 % or less.
Thermal Resistance of 0% Defect Test Specimens
To evaluate the effects of installation defects on the thermal resistance of walls it is first necessary to establish the thermal resistance of a wall with a &dquo;perfect&dquo; installation (baseline). This determination can be done in two ways. One, by measuring the thermal resistance of wall test specimens with 0% defects, i.e., the insulation is carefully installed in the cavity; two, by calculating the thermal resistance using the ASHRAE parallel and seriesparallel models and independently determined thermal resistance of each material can be determined as a function of temperature. Table 7 compares these two approaches. The agreement between measured and calculated values is excellent for all three products. 5.3 Temperature Gradients Evidence of convective air flow is provided in Table 4 , which shows the indexed temperatures measured with a cold side temperature of -35 ° C at 1/3 and 2/3 of the insulation thickness for the three MFI products. Note that the normalized temperatures measured in the insulation with 0% defects were the same for both -5 ° C and -3 5 ° C cold side temperature.
One set of temperature distributions, those measured through Product 1 with a cold air temperature of -35°C, are plotted in Figure 7 . Temperature profiles were identical at the three measured levels (Figure 4) for 0% defects. They become more skewed and dependent on the level in the insulation with 3 % and 6% defects. The pattern shown in Figure 7 is characteristic of that measured for all three MFI products. The difference in curvature between the top and bottom levels increases with both magnitude of the defect and temperature difference across the test specimen.
The slight non-linearity of the temperature profile for the 0 % defect in-FIGURE 7 . Temperature distributions for Product 1 with 0%, 3% and 6% defects measured at -35°C cold air temperature sulation is caused by radiative heat transfer. For an optically thick layer, the semi-empirical model of heat transfer in dry MFI [26] predicts radiation proportional to the third power of the mean temperature. Even though air conduction, another component of heat transfer, is inversely related to the mean temperature and the interaction between conduction and radiation will also counteract and partly reduce the non-linear effect of radiation, the net result is that the effective thermal conductivity varies non-linearly across the MFI batt. Since radiation has a stronger temperature dependence, it produces a non-linear (depressed) temperature profile under steady state conditions, as is observed for all three products with 0% defects.
Warm air movmg within the insulation will have an effect similar to that of radiative heat transfer, namely it can modify the temperature gradient to a level beyond that justified by the balance of conductive heat transfer [27, 28] . Warm air moving m the direction of the thermal gradient will decrease the curvature of the temperature profile, cold air movmg in the counteractive flow will increase the curvature. The temperature profiles for Product 1 with 3% defects exposed to a cold temperature of -35 ° C show no change in curvature at Level 2 relative to the 0% defect case, a depression at Level 1, and an elevation at Level 3 ( Figure 7 ). This result indicates a flow of cold air towards the hot side at the bottom and a flow of warm air toward the cold side at the top. A similar, but more pronounced, pattern is exhibited with 6% defects at the same conditions. The difference between top and bottom profiles grows with increasing temperature difference and percentage defect. For specimens with 6% defects and -35 ° C cold side temperature this effect is so large that the top temperature profile becomes convex instead of concave as shown for all other cases.
Pressure Difference in Stud Cavity
While there is no doubt that 3 % and 6 % defects produce significant convective air flow, we may only speculate on the conditions at the onset of convection. The pressure difference across the insulation was below t 1.0 Pa, the resolution of the first differential pressure transducer. Similarly, the pressure difference from top to bottom of the cavity were below ± 0.5 Pa, the resolution of the second differential pressure transducer. Such small differences combined with the large reductions of thermal resistance points out the significance of the continuous vertical air gap created by the defects in each corner. It appears that the convective air flow was initiated in the cross section between the hot/cold pairs of air gaps and then spread through the rest of the insulation. A contributing factor is the fact that the air permeability along the MFI product, the manufacturing plane, is much higher than that across the product. [8, 12, 14] , it must be stressed that in the current study the convective flow was initiated only FIGURE 8 . Thermal resistance measured for walls with Products 1 and 3 (both glass fibre but different density).
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by corner vertical air gaps, not by an air space on the entire face of the insulation as in the previous studies.
Analysis of temperature data measured throughout the test specimens during the tests (see Figures 4 and 5 ) mdicated that the changes in thermal performance of the test specimens was occurring entirely due to a change in heat transfer through the insulated stud cavity. The heat transfer through the material alone was calculated using an iterative procedure that matched measured wall thermal resistance to that calculated from a 50/50 combination of the parallel and series-parallel ASHRAE models. In this procedure, the &dquo;effective&dquo; thermal performance of the MFI product was varied to obtain an accurate prediction of thermal resistance. Figure 9 shows the effect of material structure on deratmg of thermal per- 
